Strong voltage sensitivity of inward-rectifier K + (Kir) channels has been hypothesized to arise primarily from an intracellular blocker displacing up to five K + ions from the wide, intracellular part of the ion conduction pore outwardly across the narrow ion-selectivity filter. The validity of this hypothesis depends on two assumptions: (i) that five ion sites are located intracellular to the filter and (ii) that the blocker can force essentially unidirectional K + movement in a pore region generally wider than the combined dimensions of the blocker plus a K + ion. Here we present a crystal structure of the cytoplasmic portion of a Kir channel with five ions bound and demonstrate that a constriction near the intracellular end of the pore, acting as a gasket, prevents K + ions from bypassing the blocker. This heretofore unrecognized 'gasket' ensures that the blocker can effectively displace K + ions across the selectivity filter to generate exceedingly strong voltage sensitivity.
a r t i c l e s
Many pharmacological agents, as well as endogenous biological molecules, act by blocking ion channels in a voltage-dependent manner 1 . The earliest and most noteworthy example of such action is the 'anomalous' voltage dependence of Kir conductance discovered by Katz six decades ago 2 . He observed that, contrary to the classic voltage-gated K + (Kv) conductance, the Kir conductance tends to zero with membrane depolarization and increases with hyperpolarization, a diode-like behavior originally termed anomalous rectification 2 and later inward rectification 3 . The voltage sensitivity of Kir channels arises from voltage-dependent block of their ion pore by intracellular cations such as the polyamine spermine [4] [5] [6] . For the past three decades voltage dependence of ion channel block has generally been assumed, by analogy with proton block of voltage-gated Na + channels 7 , to reflect the transit of the charged blocker across the transmembrane electric field. Departing from this prevalent view, our group posits that the high valence of 4-5 associated with block of strong rectifiers primarily reflects the movement, not of tetravalent spermine itself, but of up to five K + ions 'displaced' by spermine across the steep electric field in the narrow K + selectivity filter 8, 9 (Fig. 1a) . This latter type of mechanism was originally proposed to underlie the modest voltage dependence of Kv channel block by tetraethylammonium (TEA; valence <1) 10 (see also ref. 11) .
Structures of two full-length Kir channels have been determined: bacterial KirBac1.1 and a Kir chimera formed by joining the transmembrane portion of a bacterial Kir to the cytoplasmic portion of eukaryotic Kir3. 1 (refs. 12,13) . The transmembrane portion of a Kir pore resembles that of KcsA: its outer, narrow and K + -selective part is formed by the signature sequence, whereas the remaining part is lined by the second transmembrane (M2) segment ( Fig. 1b ; PDB 2QKS; see ref. 13 ). This transmembrane pore is extended into the cytoplasm by the so-called cytoplasmic pore 14, 15 formed mostly by the C terminus. We will refer to the combination of M2 and the cytoplasmic portions of the pore as the inner pore, which, unlike the selectivity filter, does not highly discriminate among alkali metal ions. Using Rb + as K + surrogate, three ion sites, in addition to the four sites (S1-S4) in the selectivity filter, have been identified in the inner pore of the chimeric Kir 13 . One of these (denoted S5) is located in the so-called cavity, a wider pore region just internal to the selectivity filter and lined by the second transmembrane (M2) segment (Fig. 1b) . The other two (S6 and S7) are located on either side of the G-loop at the external end of the cytoplasmic pore. The electron density peaks at these latter sites are too low to represent full ion occupancy, and it is therefore unclear whether they are alternative sites. Here, using mouse Kir2.1 and rat Kir3.1, we set out to investigate certain key requirements for using the blocker-K + displacement model to account for inward rectification.
RESULTS

Five ion sites within the cytoplasmic pore
The blocker-K + displacement model predicts the presence of many ions in the large and seemingly 'empty' cytoplasmic pore (Fig. 1b) . To obtain structural evidence for such occupancy, we crystallized the isolated cytoplasmic pore of the Kir3.1 channel with the S225E mutation (see below). After screening many conditions, we obtained a crystal of the (mutant) cytoplasmic pore protein grown in a solution with Na + as K + surrogate and solved its structure at a resolution of 2.0 Å (see Online Methods) by means of molecular replacement using a wild-type structure (PDB 1N9P; see ref. 14) . Figure 2a shows part of the crystal structure model of the cytoplasmic pore (with ions and relevant water molecules), superimposed on a 2F o -F c compositeomit electron density map (see Supplementary Fig. 1 for the entire a r t i c l e s structure). It was calculated using a model lacking all water molecules and ions, as well as any side chains (shown as sticks) that interacted directly or through water molecules with the newly identified ions. This electron density map, contoured at 2.5s, showed five density peaks along the central axis of the cytoplasmic pore. The most external one corresponded to S7 in the chimeric Kir 13 , whereas the four internal ones (S8-S11) were newly observed (Fig. 2a,b) . Including S8-S11, the pore of a Kir channel may therefore contain as many as 11 ion sites (Fig. 2b) .
The S10 ion was uniquely located within a bracket formed by four symmetric Phe255 benzyl side chains, implicitly stabilized by π-cation interactions (Fig. 2a,c) . Phe255 was located within the cytoplasmic loop, and the four symmetric loops constricted an intracellular part of the pore to <10 Å (Fig. 2a,b) . At all other ion sites, mostly oxygen-containing side chains extended, through water molecules, negative dipole moments toward Na + . The water molecules around the S7 ion were anchored to the Thr309 side chain (and possibly Gly307 carbonyl) oxygen(s) (Fig. 3a) . The mutant Glu225 side chain appeared to interact with the S8 ion both electrostatically and through water molecules (Fig. 3b) . We introduced this S225E mutation because functional studies suggest that K + interacts with the corresponding Glu224 of Kir2. 1 (refs. 16-18) . The S9 ion interacted with two sets of four water molecules, located on planes internal and external to the ion (dark and light green spheres, respectively, Fig. 3c ). The external set was anchored to Gln227 and Gln261, whereas the internal one was indirectly anchored to Asp260 through another water molecule. The S11 ion was located in the cytoplasmic vestibule that contained a large number of water molecules (Fig. 3d) . The distance between Na + ions and their surrounding water molecules (Supplementary Table 1 ) was generally greater than the optimal distance for Na + -O interactions 19 . In the cytoplasmic pore, the water molecules interacted with Na + located on the central axis and side chain oxygens on the perimeter. Such spatial constraints could prevent water molecules from attaining optimal distances (on average), resulting in weak interactions. Whereas weak interactions would allow ions to traverse the cytoplasmic pore at the expected near diffusion-limited rates, longer interaction distances would comfortably accommodate the larger K + ions.
Spermine produces strong voltage sensitivity by displacing K + ions
We recorded macroscopic currents of wild-type and four mutant Kir2.1 channels in the absence or presence of the intracellular polyamine spermine (Fig. 4a) . Earlier studies have shown that spermine blocks Kir2.1 in (at least) two sequential steps 9, 20, 21 . Consequently, the (voltage-dependent) blocking curve showed a shallow and a steep phase (filled circles, Fig. 4b ), reflecting spermine binding at the shallow and the deep site, respectively. Previous work 21 has shown that substituting alanine for Kir2.1's Phe254 (corresponding to Kir3.1's Phe255; Fig. 2a) eliminates the shallow phase of the blocking curve (filled diamonds, Fig. 4b ). This finding suggests that the aromatic side chain contributes to the shallow site and predicts that only mutant channels with aromatic substitutions at Phe254 will have wild-type characteristics. Indeed, F254W and F254Y mutant channels each showed both a shallow and a steep voltage-dependent blocking phase, and the shapes of their blocking curves (Fig. 4b) were nearly indistinguishable from that of wild-type channels. In contrast, F254V channels showed a single steep phase (Fig. 4b) closely resembling that of F254A mutant channels. The voltage dependence of spermine binding at this Phe254 site has an effective valence of 0.4, as quantified from the slope of the shallow blocking phase 9 . Given the (near) absence of a transcytoplasmic pore electric field, it must reflect outward displacement by spermine of the K + ion present at the site.
Leaving the shallow site, spermine proceeds to a deeper ( Fig. 5a ) site with much higher affinity, with ten-fold stronger voltage dependence (valence 4.2) 9, 21 . If spermine in the deep blocked state Two of four subunits are shown; intracellular end is at the bottom. The 2F o -F c compositeomit map contoured at 2.5s features densities (blue meshes) around the five ions and relevant water molecules, superimposed on the structure model. The map was calculated using a model that omits all ions and water molecules, as well as the side chain of six residues (sticks; Glu225, Gln227, Gln261, Asp260, Phe255 and Ser256) that interact directly or through water molecules with the newly identified ions at S8-S11. Na + ions and water molecules are represented by orange and green spheres, respectively. is predominantly positioned internal to the narrow selectivity filter, and if it generates voltage dependence primarily by displacing K + ions across the selectivity filter, then certain inner pore mutations should eliminate the high-affinity and strongly voltage-dependent spermine block. It has long been known that a neutral mutation of Asp172 in the cavity (Fig. 5a ) affects rectification 8, 16, [22] [23] [24] . However, considering that this mutation lowers the deep-site affinity for spermine by <3 kcal mol -1 at 0 mV (refs. 8,18) , approximately one-third of the total binding energy, a long spermine molecule in the deep blocked state must have additional interactions with the pore. We therefore systematically substituted alanine for each residue (valine for native alanine) in the pore-lining stretch of M2 (from Cys169 to Lys188). Fifteen of the 20 mutants expressed sufficient current for patch recording. Although these M2 mutations, as expected, had little influence on spermine affinity at the shallow site ( Fig. 5b) , four of them (D172A, F174A, I176A and M183A) markedly lowered the affinity of the deep site ( Fig. 5c) . Put in perspective, the estimated perturbation energy (∆∆G) due to these four mutations was ~7 kcal mol -1 , compared with the ~8 kcal mol -1 free energy (K d ≈ 2 µM; see ref. 9) estimated for spermine binding in the deep blocked state. Because the individual mutations separately perturb the interaction of spermine with Kir2.1 only modestly, the deep spermine-binding locus should remain relatively well defined in each of those mutant channels. Notably, the four effective mutations in M2 are spread over three α-helical turns, about the distance (~17 Å) between the two end nitrogen atoms of spermine. Each of the four relevant residues may or may not directly interact with spermine. Nevertheless, given that mutations outside this three-turn region did not significantly affect spermine block, it is reasonable to conclude that the four residues approximately delineate the predominant, most strongly voltage-dependent binding locus of spermine in M2.
To reduce maximally the affinity of the inner pore for spermine, we combined various mutations in both M2 (Asp172, Phe174, Ile176 and Met183) and the cytoplasmic pore (Glu224, Phe254, Asp255 and Glu299) that are known to affect spermine block [15] [16] [17] [18] [21] [22] [23] [24] [25] (Figs. 4  and 5 ). We obtained a quintuple alanine mutant (termed 5A, featuring D172A, I176A and M183A in M2, and E299A and F254A in the cytoplasmic pore; all corresponding residues colored yellow in Fig. 6a ) that expressed sufficient current for patch recording. Whereas 1 µM spermine caused profound voltage-dependent block of wild-type current, even 1 mM spermine had little effect on the 5A mutant ( Fig. 6b-f ). Given that simultaneous mutation of five residues, all located internal to the selectivity filter ( Fig. 6a) , abolished specific spermine binding to the channel (Fig. 6d-f) , the selectivity filter itself evidently must have little inherent affinity for spermine.
Four symmetric loops act as a gasket
To generate a valence of 4-5, spermine must not only penetrate sufficiently deep into the inner pore to displace four to five K + ions but also displace them almost exclusively outwardly. The following information, however, implies that, without special structural constraints, such obligatory displacement is unlikely to occur. The inner pore is wide, and ions within it are unlikely to stay in true single file. Indeed, the Ussing flux-ratio exponent of Kir2.1 is only 2.2 (ref. 26) , which suggests that K + ions mix (that is, exchange positions) inside the inner pore. This inference in turn raises the question: why do K + ions all (or nearly all) move outwardly through the ion selectivity filter instead of bypassing the blocker and leaking into the intracellular solution, as, apparently, occurs in Kv channels? For example, although intracellular TEA blocks Kv channels by displacing the K + ion 10 from its binding site in the cavity, the observed valence of TEA block is only ~0.2 rather a r t i c l e s than ~1 (refs. 27-31) . Such low valence implies that the K + ion in the cavity of a Kv channel has a high probability of leaking back into the intracellular solution, not obligatorily moving outwardly across the selectivity filter to generate voltage dependence. What structural constraint prevents such leak in Kir channels? To address this question, we focused on the four symmetric cytoplasmic loops that constrict the pore near its intracellular end to <10 Å (Figs. 2a and 6a) , asking whether these loops function as a 'gasket' that encircles the blocker and prevents K + ions from leaking into the intracellular solution.
We deleted four (Gly-Phe-Asp-Ser) of the five (Gly-Phe-Asp-Ser-Gly) residues that form the cytoplasmic loop (boxed region, Fig. 6a) , leaving a single glycine to join the two ends. We expected that, if the loops indeed function as a gasket, their removal would lower the apparent voltage dependence of channel block. If the outward and inward escape probabilities become equal, the valence should drop by 50%. For reasons explained below, we used a spermine derivative, phenylpropylspermine (PP-spermine; Fig. 7a) , instead of spermine itself, to carry out this particular study. PP-spermine (1 µM) inhibited the Kir2.1 current in a voltage-dependent manner. The blocking curve showed only the deep, not the shallow, phase because the blocker concentration we used was too low to significantly populate the shallow blocked state (K d (0 mV) for spermine is >0.1 mM (ref. 9) ; Fig. 4) . A single Boltzmann curve makes it easier to visualize the mutation-induced reduction of the apparent valence of channel block from the shallowing of the slope of the blocking curve. Channels without the loops showed a discernibly shallower blocking curve (valence 2.5, down 42% from 4.3) but little change in overall affinity for spermine ( Fig. 7b-d) . The two-unit drop in valence suggests that, in the absence of the cytoplasmic loops, two K + ions on average leak back into the intracellular solution. Four factors could potentially confound our interpretation of the deletion mutant's behavior discussed above. First, spermine pops through the selectivity filter with a low probability (0.02) and at a low rate (10 s -1 ) 9,32 . This property causes a small hump in the voltage-dependent blocking curve, more prominent at low (for example, 1 µM) spermine concentration (Fig. 6f) . In principle, a mutation-induced increase in spermine pop-through rate could decrease the apparent voltage dependence. To avoid this potential problem, we used PP-spermine (Fig. 7a) , whose bulky headgroup precludes such undesirable pop-through (Fig. 7b) . As already mentioned, at 1 µM, PP-spermine occupancy at the shallow blocker site should be minimal because of that site's very low affinity for amine blockers. Indeed, Kir2.1 block by 1 µM PP-spermine was well described by a single Boltzmann function (Fig. 7b) , and its voltage dependence was so strong (valence >4; Fig. 7d ) that it must reflect binding at the deep site. This latter inference is further supported by the finding that the F254A mutation in the cytoplasmic loop, which is known to abolish the shallow site 21 (Fig. 4) , barely affected the blocking curve (Fig. 7e) . A suitable substitute for spermine, PP-spermine (Fig. 7d) blocked wild-type channels with practically the same voltage dependence (Z = 4.3) as spermine itself (Z = 4.6) 9 . The second potential confounder is that, given that Phe254 within the deleted loop is essential for the shallow blocker site, the observed drop in valence might be indirectly caused by the loss of the shallow site. This is, however, not the case because the pure F254A mutation (which eliminates the shallow site 21 ) itself barely lowered the steepness of the blocking curve (Fig. 7d,e) . Third, deleting the loop near the internal entrance to the pore could, in principle, prevent PP-spermine from accessing the deep blocker site and thereby reduce the voltage dependence. To the contrary, PP-spermine actually blocked the loop-deleted mutant channel with a K d practically identical to that of the deep site of wild-type channels (Fig. 7c) . Finally, to rule out the fourth possibility that the reduced valence is an epiphenomenon peculiar to PP-spermine block, we showed that a similar phenomenon also occurred with decane-bis-trimethylammonium (bis-QA C10 ), a compound of very different structure and chemistry (Fig. 7a,f,g ). Having ruled out these potentially confounding factors, we conclude that the four cytoplasmic loops effectively function as a gasket, preventing K + ions from leaking inwardly and thereby ensuring their effective outward displacement. C169A  I170A  I171A  D172A  A173V  F174A  I175A  I176A  *  A178V  V179A  *  A181V  *  M183A  *  K185A  P186A  *  K188A  C169A  I170A  I171A  D172A  A173V  F174A  I175A  I176A  *  A178V  V179A  *  A181V  *  M183A  *  K185A  P186A  * The energy changes were estimated from the 'equilibrium' constants estimated as described 9, 21 . Asterisks, mutations that produced no measurable currents. 
a r t i c l e s
DISCUSSION
We report here several findings. First, the cytoplasmic pore itself contained 5 ion sites (Fig. 2a,b) , which brings the number of identified ion sites in the pore of a Kir channel to as many as 11. Second, spermine produced the observed maximal voltage sensitivity as its leading end penetrated into the cavity (Fig. 5) . Five mutations, all internal to the selectivity filter, essentially abolished spermine block (Fig. 6) . These results do not support the view that tetravalent spermine produces voltage sensitivity by penetrating deep into the narrow selectivity filter, but rather the view that the voltage sensitivity primarily results from the movement of displaced K + ions 8, 9 (compare refs. 33, 34) . If the voltage dependence of block does not reflect spermine entry into the selectivity filter, a blocker with headgroups too wide to enter the filter should block channels with similar voltage dependence. Indeed, bis-QA C10 (Fig. 7a) , comparable in length to spermine (or its derivatives) but with two fewer charges, blocked channels with practically the same voltage dependence 9 (Fig. 7d,g ), even though the trimethyl headgroup (~6 Å) of bis-QA C10 is about twice as wide as the selectivity filter. Our third finding is that deletion of the cytoplasmic loops, which constricted the pore to ~10 Å (Figs. 2a and  6a) , lowered the apparent valence of polyamine block by about half (Fig. 7b,d) . The constriction created by the cytoplasmic loops effectively functions as a gasket, preventing K + ions from bypassing the blocker and leaking into the intracellular solution, and thereby enabling an advancing blocker to force K + ions to move nearly exclusively across the selectivity filter.
As a spermine molecule enters the Kir2.1 pore, it first binds at a shallow site (S10, Fig. 2 ) formed by four symmetric phenyl rings, in a weakly voltage-sensitive step. The apparent valence (0.4) of this step 9 suggests that functional K + occupancy of the site is at least 0.4. If in reality S10 is fully occupied by K + , the ion's chances of being displaced in the outward direction or escaping into the intracellular solution must have been comparable. As for the S11 ion, given its location in the very wide vestibule (Fig. 2) , it can easily bypass spermine and escape into the intracellular solution and not be forced to move in the outward direction. In moving from the shallow site (through additional intermediate sites) to the cavity region, spermine generates strong voltage sensitivity (valence ~4) 9 primarily by displacing K + ions at S5-S9. It follows that, in the functional study, averaged K + occupancy at these five sites is ~0.8; that is, only four of the five ion sites are occupied at any time. The constriction on the cytoplasmic side formed by four symmetric loops, acting as a 'gasket', ensures that spermine effectively displaces (nearly) all the ions toward the extracellular solution.
Regarding ion sites within the cytoplasmic pore, two structural features deserve further discussion. First, the S10 ion in the isolated cytoplasmic pore structure was apparently suspended in the π-electron field of the benzyl rings (Fig. 2) , a concept first introduced in K + channel studies to explain why aromatic side chains in a Kv channel confer millimolar affinity for extracellular TEA [35] [36] [37] [38] . Comparison of the isolated cytoplasmic pore structure (reported here) with those of the Kir chimera already crystallized in two different states (A and B) 13 yields clues as to how ions move in the pore. In the former, the benzyl side chains of four Phe255 side chains (yellow) formed a cage where an ion is suspended by the π-electron field (Figs. 2 and 8a) . The distance between the S10 ion and the centroid of each phenyl ring was 5.5 Å, within the preferred range for a π-cation interaction 39 . In contrast, the benzyl side chains in the two chimeric structures adopt different χ 1 and/or χ 2 angles (∆χ 1 = 50° and ∆χ 2 = 20° in state A; ∆χ 1 = -20° in B), pointing in either the intracellular (state A) or the extracellular (state B) direction ( Fig. 8a; blue and gray, respectively) . Consequently, in either chimeric structure the side chains are too far apart to hold an ion. The cage-like arrangement of four Phe255 side chains in the isolated cytoplasmic a r t i c l e s pore may therefore result from π-cation interactions rather than reflect inherent natural tendencies of the side chains themselves. It seems that as an ion from the intracellular vestibule enters the pore, moving from S11 to S10, the benzyl rings swing toward S10 from their chimera state A position to that in the cytoplasmic pore structure, capturing the ion (Fig. 8a) . In similar fashion, the benzyl rings may swing from their chimera state B position toward S10, capturing an ion coming from S9. Notably, the electron density at S10 was somewhat elongated axially ( Fig. 2a) , which implies some oscillation of the ion at that site. Once it, or the benzyl side chains, move too far to interact with one another, the ion is free to proceed to an adjacent site and the phenyl rings may then move apart to assume the positions seen in the chimeric structures. Thus, the three structures compared here may represent individual snapshots of ion motion along the intracellular end of the pore. Given that χ-angle motion of (structurally unrestrained) phenylalanine side chains occurs on a subnanosecond time scale 40 , residence of an ion at S10 is expected to be so brief that transit rate across the site will be near diffusion limited. Another difference in the conformation of side chain rotamers between the isolated cytoplasmic pore and its chimeric counterpart 13 seems to affect ion residence at S9. In the former, the side chain of Arg229 is hydrogen-bonded to Glu300 (Fig. 8b, top) , whereas in the Kir chimera (state B), it extends into the pore (Fig. 8b, bottom) . (In state A the side chain alternates between the two rotamer conformations.) Pointing the side chain of Arg229 into the pore may affect ion binding at S9 in two ways (Fig. 8b) . First, and intuitively, the positively charged side chain increases the electrostatic potential near S9, (bottom panel) and conversely, the S9 ion repels the side chain of Arg229 from the pore (top panel). Second, a side chain nitrogen (η 1 ) of Arg229 becomes hydrogen-bonded to the side chain oxygen (ε 1 ) of Gln227 (bottom panel), not that of Glu300 (top panel) as in the isolated cytoplasmic pore structure. The side chain nitrogen (ε 2 ) of Gln227 (in the chimera structure) is in turn hydrogen-bonded to the side chain oxygen (ε 1 ) of Gln261. Consequently, ε 1 oxygens of both Gln227 and Gln261 are no longer available to anchor the water molecule interacting with the S9 ion (Fig. 8b) . These arrangements help explain the absence of an ion at S9 in the chimera structure.
In the cytoplasmic pore, the ion-binding sites are formed mainly by certain side chains in specific rotamer conformations. Thus, thermal energy-driven side chain motion will cause ion sites to appear and disappear on a subnanosecond time scale, enabling ions to move across their sites at near diffusion-limited rates, whereas the direction of net K + movement is determined by the electrochemical potential. Ions interact either with aromatic side chains or with water molecules anchored to protein oxygens (Figs. 2 and 3) . Given this anchoring, the water molecules' dipole moments must be oriented in such a way that they can only interact with a cation and not an anion, a feature that helps prevent anion accumulation in the pore. The presence of so many K + ions in the cytoplasmic pore sets the stage for spermine to produce strongly voltage-dependent block. Spermine penetrates deep into the inner pore, displacing the ions from the inner pore across the selectivity filter to produce strong voltage sensitivity (Fig. 1a) , even though tetravalent spermine itself does not enter the filter and therefore does not directly sense the steep electric field that drops across it. In fact, over four decades ago, Hodgkin and Horowicz 41 found that Kir conductance varies with the difference between membrane voltage (V m ) and the K + equilibrium potential (E K ) and concluded that "the potassium permeability [now ascribed to Kir channels] varies greatly with the force acting on the potassium ions." Subsequently, Hagiwara and Takahashi 42 demonstrated that the relative conductance (G/G max ) is quantitatively described by the empirical equation
That is, G/G max (at constant [K + ] int ; refs. 43, 44 ) is a function of ∆V-the difference between V m and E K -not of V m per se. ∆V 1/2 is the ∆V at which G/G max becomes 0.5, and ν is a steepness factor. In the framework of the simple blocker-K + displacement model (Fig. 1a) , the expression derived for relative conductance 8, 45 
corresponds exactly to the empirical equation (1) (1) and (2) reveals the theoretical underpinnings of the empirical parameters in equation (1):
In summary, the following principles effectively confer strong voltage dependence on Kir channel block. First, an intracellular cationic blocker and extracellular permeant (K + ) ions (electrostatically) displace one another, bind competitively to the inner pore from opposite sides, or both [8] [9] [10] [11] . This process energetically couples blocker binding to 47 , and the joined cDNA fragments encoding the N and C termini of Kir3.1 (refs. 48,49) were in the pET28b(+) vector 14 . We made all cDNA mutations using a PCR-based method and synthesized complementary RNAs with T7 polymerase (Promega) using linearized cDNA as a template.
Electrophysiological recordings. We recorded macroscopic currents from inside-out membrane patches of Xenopus oocytes (these having been injected with corresponding cRNAs) using an Axopatch 200B amplifier (MDS Analytical Technologies), filtered at 10 kHz and sampled at 100 kHz using a Digidata 1322A analog-to-digital converter (MDS Analytical Technologies) interfaced with a personal computer. We used pClamp8 software (MDS Analytical Technologies) to control the amplifier and data acquisition. We subtracted the background current from the total current as described 50 . The recording solution contained (in mM): 5 K 2 EDTA, 10 'K 2 HPO 4 + KH 2 PO 4 ' in a ratio yielding pH 8.0, and sufficient KCl to bring total K + concentration to 100 mM (ref. 51) . To minimize channel rundown, the intracellular solution contained 5 mM fluoride, 10 mM pyrophosphate and 0.1 mM vanadate 52 .
Protein production, crystallography and structure determination. We produced the intracellular domain protein of Kir3.1 containing the S225E mutation with an Escherichia coli expression system as described 14 . This domain, joining the N-terminal residues 41-63 and C-terminal residues 190-371, contains a N-terminal histidine tag followed by a thrombin-cutting site. We grew the protein crystal at 4 °C by vapor diffusion in sitting drops. We mixed the protein at 8-12 mg ml -1 with an equal volume of reservoir solution (100 mM trisodium citrate, 200 mM ammonium acetate, 5 mM BaCl 2 , 28% (v/v) 2-methyl-2,4-pentanediol, pH 5.5). We flash-froze the crystal in liquid nitrogen and kept it at 95 K during diffraction. We collected the diffraction data at a synchrotron source (National Synchrotron Light Source, beamline X25) tuned to a wavelength of 1.1 Å ( Table 1) . We carried out indexing, integration and scaling of the data with DENZO and SCALEPACK 53 , and further processing with the CCP4 package 54 .
We performed molecular replacement with AMoRe 55 using a wild-type structure as model (PDB 1N9P) 14 and refined the molecular-replacement model against the data alternatingly in real space using O 56 or Coot 57 and in reciprocal space using CNS 58 . We validated the final model with PROCHECK 59 : 91.9%, 8.1% and 0% of the residues were in favored, allowed and outlier regions, respectively. We prepared figures with PyMOL (http://www.pymol.org), Origin 8.0 (OriginLab) and CorelDraw10 (Corel).
